Broadband Intensity Tomography: Spectral Tagging of the Cosmic UV
  Background by Chiang, Yi-Kuan et al.
ACCEPTED FOR PUBLICATION IN THE ASTROPHYSICAL JOURNAL (APJ)
Preprint typeset using LATEX style emulateapj v. 12/16/11
BROADBAND INTENSITY TOMOGRAPHY:
SPECTRAL TAGGING OF THE COSMIC UV BACKGROUND
YI-KUAN CHIANG1 , BRICE MÉNARD1,2 , DAVID SCHIMINOVICH3
Accepted for publication in the Astrophysical Journal (ApJ)
ABSTRACT
Cosmic photons can be efficiently collected by broadband intensity mapping but information on their
emission redshift and frequency is largely lost. We introduce a technique to statistically recover these oth-
erwise collapsed dimensions by exploiting information in spatial fluctuations and apply it to the Galaxy
Evolution Explorer (GALEX) All Sky and Medium Imaging Surveys. By spatially cross-correlating photons
in the GALEX far-UV (1500Å) and near-UV (2300Å) bands with a million spectroscopic objects in the Sloan
Digital Sky Survey as a function of redshift, we robustly detect the redshift-dependent intensity of the UV
background (UVB) modulated by its clustering bias up to z ∼ 2. These measurements clearly reveal the
imprints of UVB spectral features redshifting through the filters. Using a simple parameterization, we si-
multaneously fit a UVB emissivity and clustering bias factor to these observations and constrain the main
spectral features of the UVB spectrum: (i) the Lyman break, (ii) the non-ionizing UV continuum, which
agrees with the Haardt & Madau model but does not rely on any assumption regarding the nature of the
sources, and (iii) the Lyα emission, whose luminosity density is consistent with estimates of the combined
galaxy and AGN contributions at z ∼ 1. Because the technique probes the total background including low
surface brightness emission, we place constraints on the amount of UV light originating from the diffuse in-
tergalactic medium (IGM). Finally, the clustering bias of UV photons is found to be chromatic and evolving.
Our frequency- and redshift-dependent UVB measurement delivers a summary statistic of the universe’s
net radiation output from stars, black holes, and the IGM combined.
1. INTRODUCTION
Photons in the extragalactic background light (EBL) can
be more efficiently collected in broadband observations
than in spectroscopic observations, but information on
their emission redshift and frequency gets diluted or lost.
Depending on the instrument and survey depth, a signifi-
cant fraction of the collected photons may belong to a dif-
fuse component outside detected sources. Such photons
are often discarded, together with potentially valuable as-
tronomical information. For this reason, intensity mapping
is being developed as a technique to measure and analyze
the total radiation as a continuous field as opposed to the
study of discrete objects. It provides us with a powerful
probe of the universe that does not rely on the use of a sur-
face brightness thresholding required for source detection.
Using this approach, the study of the three-dimensional
universe can be enabled by targeting specific emission lines
and selecting redshifts by tuning the frequency of the obser-
vations. This is referred to as line intensity mapping, and a
recent review on the subject is given by Kovetz et al. (2017).
Being able to use the concept of intensity mapping with
broadband data in a redshift-dependent manner would
open up a number of new scientific explorations. In this
work, we develop a new method to statistically tag the rest-
frame frequencies of EBL photons (in a diffuse field and/or
detected sources) in broadband observations with a spec-
tral resolution finer than that of the bandwidth. This is
achieved by combining the technique of clustering-based
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redshift inference (Newman 2008; Ménard et al. 2013) and
a data-driven estimation of the long-established concept of
the K -correction (Humason et al. 1956; Hogg et al. 2002).
We can measure the cosmic K -correction, i.e., the differen-
tial EBL intensity as a function of redshift using the cluster-
ing technique. Because this K -correction depends on the
spectral energy distribution of the EBL, one can constrain
the main spectral features in the EBL.
We apply this technique to study the cosmic ultravio-
let background (UVB) in the All Sky and Medium Imag-
ing Surveys of the Galaxy Evolution Explorer (GALEX) satel-
lite. Astrophysically, the UVB is of critical importance as the
photoionization and excitation of most of the atomic ele-
ments are tied to this radiation field. The overall ampli-
tude and redshift evolution of the UVB traces galaxy for-
mation and the cosmic star-formation history (Madau &
Dickinson 2014). The Lyman–Werner background in the UV
photodissociates molecular hydrogen and regulates galax-
ies’ star-formation efficiency especially in the early universe
(Haiman et al. 1997). The metagalactic UVB also provides
a starting point in modeling the circumgalactic medium
(CGM) in both absorption (Werk et al. 2014) and emission
(Corlies & Schiminovich 2016). Finally, the diffuse inter-
galactic medium (IGM) is expected to radiate in the UV in
both the continuum and Lyα (Davidsen et al. 1974; Paresce
& Jakobsen 1980; Haardt & Madau 2012); only very recently
have observational studies started to deliver the first detec-
tions, but they are still limited in fluorescent radiation near
bright quasars (Cantalupo et al. 2014; Martin et al. 2014).
In this paper, we present new constraints on the spec-
trum of the UVB volume emissivity at z < 2 based on GALEX
imaging data. This extends the explorations of intensity
mapping from radio (Chang et al. 2010), infrared (Pullen et
al. 2018), optical (Ménard et al. 2011; Croft et al. 2016, 2018),
to the ultraviolet. Throughout this paper, we assume the
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Planck Collaboration et al. (2014) cosmology. All of the cos-
mic volumetric quantities are expressed in comoving units.
Magnitudes are given in the AB system.
2. THE FRAMEWORK
We introduce a broadband intensity tomography tech-
nique to recover the spectrum of the universe and its
evolution over cosmic time. The target quantity is thus
a frequency- and time-dependent EBL volume emissiv-
ity. The general approach is to (i) deproject the observed
broadband EBL intensity into differential contributions as
a function of redshift using the technique of clustering-
based redshift estimation and (ii) build a generative for-
ward model describing the observed redshift deprojected
intensity given any input EBL emissivity and fit to the data
under the Bayesian framework to determine the emissivity
posterior distribution. This framework allows us to prop-
agate the information content from spatial fluctuations in
the broadband intensity maps to the redshift distribution
of EBL photons, and finally to its spectral features and cos-
mic time evolution. It allows us to address some science
questions that are typically thought to be accessible only
with spectroscopic intensity mapping data. It is applicable
to all wavebands across the electromagnetic spectrum. It
can be viewed as a generalization of line intensity mapping
to arbitrary spectral features in data with arbitrary band-
width, with the line-of-sight projection or line confusion
(e.g., Cheng et al. 2016) solved by clustering redshift tomog-
raphy. Below we describe our technique in detail.
2.1. Information content in redshift
The redshift z of a photon, by definition, carries spectral
information that quantifies the fractional change in its fre-
quency or wavelength between the emitted and observed
frames. On cosmological scales, the expansion of the uni-
verse relates redshift to the distance or cosmic time at which
the photon was emitted. Ignoring the effects of peculiar
velocities, the information content carried by any redshift-
dependent quantity X = X (z) is(
d
dz
)
X =
(
dν
dz
∂
∂ν
+ dt
dz
∂
∂t
)
X , (1)
where ν is the frequency of the photon and t is the cosmic
time. Equation 1 implies that by constraining the redshift
dependence of the quantity of interest, we can also probe
its frequency and time dependence. Conversely, this also
presents the challenge of breaking the potential degenera-
cies between these two quantities. Most of the time, Equa-
tion 1 is used to infer the ∂/∂t term, with the ∂/∂ν term
modeled out via the so-called “K -correction” (Humason et
al. 1956; Hogg et al. 2002). One of our major goals here is to
explore the full power of Equation 1 without making strong
assumptions on the ∂/∂ν term: by making direct measure-
ments of the redshift dependence of the quantity X , can we
obtain meaningful constraints on the “spectrum” of X ?
2.2. EBL integral constraint
Our physical quantity of interest is the spatially aver-
aged, metagalactic comoving emissivity ²ν = ²ν(ν,z)4 of
4 We follow the convention that, depending on the context, the z label
sometimes refers to solely a t label as on the right-hand side in this expres-
sion.
the EBL (in units of erg s−1 Hz−1 Mpc−3), as it provides
a summary statistic of the total radiation output in the
universe as a function of frequency and cosmic time.
Observationally, one measures the specific intensity jν
(erg s−1 cm−2 Hz−1 sr−1). In the expanding universe, these
two can be related by the cosmological radiative transfer
equation (e.g., Gnedin & Ostriker 1997):(
∂
∂t
−νH ∂
∂ν
)
jν+3H jν =−cκ jν+ c
4pi
²ν (1+ z)3 , (2)
where c is the speed of light, H is the Hubble parameter, ²ν
serves as the source term, and the opacity κ characterizes
the sink term due to IGM absorption. Integrating over the
entire line-of-sight path length, or equivalently, over red-
shift, we get
jνobs (νobs)=
c
4pi
∫ ∞
0
dz
∣∣∣∣dtdz
∣∣∣∣ ²ν(ν,z)e−τ (3)
for an observer at z = 0, where νobs is the observed-frame
frequency, ν = νobs (1+ z), |dt/dz| = H(z)−1(1+ z)−1 and
τ = ∫ κds is the optical depth describing IGM absorption
along the line of sight, with ds being the path-length ele-
ment. Photometric observations using a filter i for which
the response is denoted by R i lead to a band-averaged spe-
cific intensity,
J iνobs =
∫
dνobs
νobs
jνobs (νobs)R
i (νobs) , (4)
where R i (ν) is proportional to the number of electrons
yielded per incident photon (i.e., QE, appropriate for
photon-counting detectors) and is normalized such that
Jν = jν for a flat jν. The quantity J iν is an integral constraint
of ²ν collapsed over cosmic time and a range of frequency.
2.3. Redshift tomography using clustering
Both the EBL emissivity and its integral, the intensity, are
generally spatially varying; they trace the underlying mat-
ter density field in 3D and 2D, respectively. In a broadband
intensity map of a certain angular resolution, Jν = Jν(φ),
the phase information of the corresponding angular fluctu-
ations actually carries redshift information if we know the
mapping between the two. Such a mapping can be ob-
tained using another set of matter tracers, usually bright ob-
jects in spectroscopic redshift surveys over the same patch
of the sky and propagated into the intensity field via cross-
correlations. This provides a way to recover the redshift dis-
tribution of photons in the map. This so-called clustering
redshift technique is laid out in Newman (2008), McQuinn
& White (2013), and Ménard et al. (2013), and tested against
simulations in Matthews & Newman (2010) and Schmidt et
al. (2013). It has been applied to a wide range of survey
datasets to estimate the redshift probability distributions
of discrete objects (Ménard et al. 2013; Rahman et al. 2015,
2016a,b; Scottez et al. 2016; Morrison et al. 2017; Davis et al.
2018) as well as that of the diffuse radiation field (Schmidt
et al. 2015; Chiang & Ménard 2019). We refer the readers to
these papers for details. Here we briefly describe the for-
malism tailored for broadband tomography.
The goal here is to measure the global emission redshift
distribution for the EBL intensity as seen for a redshift 0 ob-
server. This can be expressed as dJν/dz(z) (same units as
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Jν), whose integral makes up the total observed projected
intensity,
Jν =
∫ ∞
0
dJν
dz
(z)dz . (5)
On the map level, we make distinctions between the local
and spatially averaged intensity and define an overdensity
field
∆Jν(φ)= Jν(φ)−〈Jν〉 , (6)
where 〈〉 denotes the ensemble or large-scale average. Here
we choose to use the absolute instead of a fractional over-
density field to reduce the impact of Galactic or sky fore-
grounds in the analysis, which will become clear later. To
measure dJν/dz(z) we can make use of an external set of
reference galaxies or quasars, whose redshifts are already
known spectroscopically. The corresponding overdensity
field can be written in angular plus redshift (2+1D) space,
δr (φ,z)= n(φ,z)−〈n(z)〉〈n(z)〉 , (7)
where n is the number density of the reference objects. Un-
der a linear assumption, the reference traces the underlying
matter density δm (defined analogously to δr in Equation 7)
with a linear bias factor br such that δr = brδm .
With its 3D information, the reference sample provides a
mapping between the phases of the projected spatial fluc-
tuations and redshift. To extract this mapping, we can
measure the angular cross-correlation between the inten-
sity field and the reference as a function of the redshift of
the latter,
w Jr (θ,z)=〈∆Jν(φ) · δr (φ+θ,z)〉
= 〈Jν(θ,z)〉r −〈Jν〉 , (8)
where 〈Jν(θ,z)〉r denotes the mean intensity at angular sep-
aration θ around reference objects at a given redshift. This
estimator using the absolute intensity overdensity is ideal
for extragalactic intensity data, whose normalization is hard
to estimate due to the presence of a considerable fore-
ground. As long as the foreground does not correlate with
extragalactic large-scale structures, its contribution is can-
celed out in the two terms on the right-hand side, thus
the w Jr estimator is unbiased. The goal here is to relate
w Jr (θ,z) to the desired quantity dJ/dz(z). Because the lat-
ter does not depend on θ, we can integrate w Jr over θ to
get a one-bin measurement to enhance the signal-to-noise
ratio,
w¯ Jr (z)=
∫ θmax
θmin
W (θ)w Jr (θ,z)dθ , (9)
where W (θ) is an arbitrary weight function carrying the
units of θ−1. Following Ménard et al. (2013), we set a nor-
malized W (θ) ∝ θ−0.8, the same angular scaling as that
of the typical galaxy angular correlation functions, which
optimizes the signal-to-noise ratio. We set our integra-
tion boundaries θmin–θmax to those corresponding to 0.5–
5 physical Mpc at each redshift bin; this is chosen to avoid
strongly nonlinear clustering at small scales and ab uncon-
trolled zero point in typical photometry datasets at large
scales.
We are now ready to relate the observable w¯ Jr (z) in Equa-
tion 9, usually measured in bins of redshift, to the redshift
decomposition dJ/dz(z). The w¯ Jr (z) is a light-weighted,
i.e., dJ/dz-weighted, estimator of the underlying matter au-
tocorrelation modulated by the clustering bias of both trac-
ers. Given a matter power spectrum P (k,z), we can obtain a
2D–3D matter correlation between an infinitely thin slice of
matter at redshift z and the projected matter density field,
wm(θ,z)= 1
2pi
∫ ∞
0
dk k P (k,z) J0(k θX (z))
dz
dX
, (10)
(Limber 1953; Maller et al. 2005), where J0 is the Bessel func-
tion of the first kind and X (z) is the comoving radial dis-
tance. For P (k,z), we use the nonlinear matter power spec-
trum calculated using the CLASS code (Lesgourgues 2011).
The tracer cross-correlation (Equation 8 and 9) then can be
linked to the matter correlation as follows:
w¯ Jr (z)=
(
dJν
dz
(z)b J (z)
)(
br (z) w¯m(z)
)
, (11)
where dJ/dz gives the redshift-dependent light weighting to
the correlation amplitude, b J is the effective clustering bias
factor of the intensity, and w¯m(z) is wm(θ,z) integrated over
θ the same way as w Jr (θ,z) in Equation 9. Equation 11 here
effectively defines b J , while alternatively, in the next sec-
tion, we will write b J as a band-averaged version of the bias
factor for the underlying EBL photon field, which could be
both redshift and wavelength dependent. In Equation 11,
w¯m is determined by the cosmology, br can be measured
using the autocorrelations of the reference objects, and our
w¯ Jr estimator measured in bins of redshift thus constrains
the product of dJν/dz(z) and b J (z).
2.4. Spectral tagging
The observable w¯ Jr (z) carries information on the com-
bination dJν/dz(z)b J (z). Following Equations 3–5, the first
term of this product is given by
dJνobs
dz
(z)= c
4piH(z) (1+ z)
∫
dνobs
νobs
R(νobs)²ν(ν,z)e
−τ ,
(12)
where ν= νobs (1+z). We now illustrate how we can use the
observable w¯ Jr (z) to constrain the EBL emissivity ²ν(ν,z).
To first gain intuition on the extraction of spectral informa-
tion based on tomographic redshift measurements, let us
first consider a special case of a nonevolving EBL emissivity
with a single emission line, whose bias b J is also redshift in-
dependent and the line-of-sight absorption can be ignored.
In this simplistic scenario, the redshift trend dJν/dz is given
by a sliding integral of the spectral feature ²ν with the filter
curve. This can be visualized in Figure 1. For the conve-
nience in visualization, we multiply the y-axis of the bottom
panel by a factor C (z) ∝ H(z) (1+ z) to cancel out redshift
factors that carry no extra information once a cosmology is
assumed. In this case, the dJν/dz measurements uniquely
determine the emissivity ²ν over the frequency range acces-
sible at a factor of 1+z bluewards of the filter bandpass. One
can simply deconvolve dJν/dz to get ²ν. In fact, this works
for the cosmic emissivity of any spectral shape as long as it
is not evolving over cosmic time. The spectral resolution is
not limited by the filter bandwidth but by the redshift un-
certainty in the dJν/dz measurements. For the clustering
redshift technique, the redshift uncertainty is limited by the
correlation length (Rahman et al. 2015), about 10 comov-
ing Mpc, which can be translated into a spectral resolution
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FIG. 1.— Spectral tagging in the simplest case. The EBL emissivity (top
panel) is assumed to be a flat continuum with a line and does not evolve
over cosmic time. After being observed with a broadband (middle panel)
and deprojected using the clustering redshift technique, we get a redshift
response (bottom panel) that simply reflects the shape of the filter curve.
The factorC ∝H(z) (1+z) in the y-axis of the bottom panel is to cancel out
trivial redshift factors carrying no information under a fixed cosmology.
R = λ/∆λ ≈ 1/∆z ≈ 200–500. This is a gain of two orders of
magnitude from that of the typical broadband observations.
Another way to appreciate the potential constraining power
of our technique is that beyond the correlation length, the
dJν/dz measurements in different redshift bins are inde-
pendent. Over an appreciable range of redshift, the clus-
tering amplitude can be sampled by hundreds (the num-
ber of correlation lengths along the line of sight) of quasi-
independent measurements.
In more realistic cases, the cosmic radiation field can be
wavelength and redshift dependent. Furthermore, the clus-
tering amplitude bias term b J can also be wavelength and
redshift dependent. To further relate these two terms, it is
useful to introduce a more fundamental quantity: a rest-
frame photon clustering bias b = b(ν,z) such that δ(²ν) =
bδm , where δ(²ν) = ²ν(x)/〈²ν〉 − 1 is the 3D overdensity of
the spatially varying EBL emissivity. Folding in the bias fac-
tor in Equation 12, we thus have
dJνobs
dz
b J (z)= c
4piH (1+ z)∫
dνobs
νobs
R(νobs)b(ν,z)²ν(ν,z)e
−τ , (13)
where the left-hand side is the actual observable that can
be obtained with the clustering redshift technique. The ef-
fective intensity bias b J (z) is a weighted photon bias seen in
the observer frame given by the combination of Equation 12
1000 2000 3000
rest [Å]
lo
g 
900
1100(z) 1500(z)
fLyC(z)
EWLy (z)
1500(z)
1000 2000 3000
obs [Å]
lo
g z=0 z=0
.3
z=
0.6 z=
1
z=
1.5
z=
2.1
1000 2000 3000
obs [Å]
R
FUV NUV
FIG. 2.— Top: the parameterization of the rest-frame UVB emissivity con-
sists of three segments of the power-law continuum (²ν ∝ να) with a Ly-
man break and a Lyα line. We fix the slopeα900 because the cosmic Lyman
continuum is not detected in GALEX. The four spectral features plus one
normalization ²1500 at 1500Å is each allowed to evolve with redshift with
one additional parameter, amounting to a total of 10 free parameters. Mid-
dle: the emissivity as a function of observer-frame wavelength to show the
spectral sampling available for an observer at z = 0. Bottom: normalized
filter response for the FUV and NUV bands of GALEX.
and 13:
b J (z)=
∫
dνobsν
−1
obsR(νobs)b(ν,z)²ν(ν,z)e
−τ∫
dνobsν
−1
obsR(νobs)²ν(ν,z)e
−τ
. (14)
Equation 13 is key in our generative EBL modeling: for any
given EBL emissivity and photon bias on the right-hand
side, one can calculate the clustering redshift observable
on the left-hand side. As mentioned above, the product
(dJν/dz) b J (z) can potentially be sampled by hundreds of
data points. If the number of degrees of freedom of the EBL
frequency and redshift dependencies is sufficiently small
and if observations in multiple broadbands are available, it
is possible to break (some of) the degeneracy between the
two terms of the product and constrain separately the emis-
sivity and the clustering bias of the cosmic radiation field.
2.4.1. Application to the UVB
In this paper, we aim to probe the radiation background
over near- to extreme-UV (EUV) at 0 < z < 2 using the
GALEX All Sky and Medium Imaging Surveys. As a physical
spectrum typically shows a high correlation between inde-
pendent resolution elements, we can reduce the complex-
ity via simple parameterization. We parameterize the vol-
ume emissivity with a piecewise power-law function with a
Lyα line and Lyman break as shown in the top panel of Fig-
ure 2. This includes spectral slopes α (where ²ν ∝ να) at
900, 1100, and 1500Å, with the first one fixed as we do not
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FIG. 3.— Demonstration of tagging spectral features in the UVB emissivity in GALEX broadband tomography. The response in the redshift-deprojected
FUV/NUV (top/bottom row) intensities are shown after varying the 1500Å continuum slope, Lyα equivalent width, and ionizing photon escape fraction in
the left, central, and right columns, respectively. Other parameters are fixed to a set of fiducial values. One can see that these three spectral features trigger
different modes of redshift response.
have enough signal to noise to constrain the faint ionizing
continuum. These two non-ionizing continuum slopes, to-
gether with the Lyα equivalent width EWLyα, the strength of
the Lyman break or the Lyman continuum escape fraction
fLyC and the normalization ²1500 at 1500Å are each allowed
to evolve with redshift with one additional parameter (see
Figure 7). These summed up to a total of 10 free parame-
ters, representing a minimum description of the metagalac-
tic UVB spectrum motivated by atomic physics but with-
out assuming the nature of the source populations (galax-
ies, quasars, mass-to-light relations, etc.). For simplicity, we
have ignored other emission and/or absorption lines like
OVI and CIV, which could potentially be present but are
likely much fainter compared to Lyα and the continuum
for both emissions from galaxies (Byler et al. 2018) and the
IGM (Bertone et al. 2013). The equations fully describing
our UVB parameterization are given in Appendix A.
With the two broadbands onboard of GALEX—FUV
(1350–1750 Å) and NUV (1750–2800 Å) shown in the bot-
tom panel of Figure 2, we can continuously sample the UVB
at different rest-frame frequencies. The accessible spectral
sampling starts from the non-ionizing continuum at z = 0
to the ionizing continuum at z = 1 in FUV and z = 2 in NUV
as illustrated in the middle panel of Figure 2.
We also parameterize the unknown bias factor in Equa-
tion 13 and will fit it simultaneously with the emissivity us-
ing the redshift tomographic intensity measurements. We
consider a simple 2D power law with three free parameters
for the bias factor
b(ν,z)= bz=01500
(
ν
ν1500
)γbν
(1+ z)γbz , (15)
where bz=01500 is the normalization at z = 0 at 1500 Å, and γbν
and γbz are the power indices of its frequency and redshift
dependence, which are assumed to be separable.
Using solely the (dJν/dz) b J (z) measurements, there is a
complete degeneracy between the emissivity and bias nor-
malizations ²z=01500 and b
z=0
1500, such that only their product can
be constrained (see Equation 13). We will break this degen-
eracy later by using an additional observational constraint
from the total intensity in detected sources. For our red-
shifted tomographic model of the UVB, we effectively have
a total of 12 free parameters (10 in the emissivity plus three
in the bias minus one normalization degeneracy).
To gain intuition on the spectral tagging using GALEX
data, Figure 3 shows a grid of models in the observable
space. The redshift-deprojected FUV (top row) and NUV
(bottom row) intensities are shown after varying the non-
ionizing UV slope α1500, Lyα equivalent width EWLyα, and
ionizing photon escape fraction fLyC of the background
emissivity one at a time in the left, central, and right
columns, respectively. We fix the other parameters to a
set of fiducial values: [log(²z=01500 b
z=0
1500), γ²1500, α
z=0
1500, Cα1500,
αz=01100, Cα1100, EW
z=0.3
Lyα , EW
z=1
Lyα , logf
z=1
LyC, logf
z=2
LyC, γbν, γbz ] =
[25, 2, 0, 0, −3, 0, 0, 0, −5, −5, 0, 1]. Interestingly, these three
types of spectral features, i.e., continuum, line, and break
trigger different modes of redshift response and at differ-
ent redshift intervals in these two bands. One can thus un-
ambiguously separate the effects of these main spectral fea-
tures in the data space. For simplicity, in this example, we
set α1500, EWLyα, and fLyC constant over cosmic time, but
one can see that a joint modeling in two bands does allow
us to constrain their first-order redshift evolution as these
features are being sampled twice at two different redshift
intervals.
3. DATA ANALYSIS
3.1. GALEX intensity maps
GALEX is a satellite mission designed to perform wide-
field imaging and grism spectroscopy in the UV (Martin et
al. 2005; Morrissey et al. 2007). In this paper, we use its
AIS and MIS in the data release GR6/GR7 with observa-
tions taken over 2003–2012. The surveys cover a large frac-
tion of the sky above the Galactic plane in two broadbands,
FUV (1350–1750 Å) and NUV (1750–2800 Å), down to vary-
ing point source depths of AB magnitude 20.5–23.5 with a
spatial resolution of 5′′–10′′. Individual pointings have a cir-
cular field of view of 1.◦2 in diameter, and the exposure in
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FUV—North
Variance
FIG. 4.— GALEX diffuse background anisotropy in FUV displayed using an equal-area Lambert projection. Color maps show the sigma-clipped, tile-median
subtracted intensity at b > 30◦ (top) and the zoom in near the north Galactic pole at b > 85◦ (bottom). Tiles with high foreground with E(B −V )> 0.05 mag
have been removed. Small, gray-scale maps show the per-tile variance to be used for optimal weighting in our cross-correlation measurements.
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the two bands are done simultaneously.
In principle, our cross-correlation tomography takes the
total intensity as input and does not require source detec-
tion. Practically, we do separate the total intensity into
two components, one in detected sources and one in dif-
fuse light below the detection limit. This is for different
foreground removal schemes in the data processing, as the
foregrounds for sources are stars, while that for the dif-
fuse light are dust scatter light and near-Earth airglow. An-
other consideration is that because low-redshift EBL is pref-
erentially in detected sources while the high-redshift EBL
is mostly in the diffuse component, the former actually
acts as a noise-inducing foreground for the latter. To bet-
ter extract the faint, high-redshift component using angu-
lar cross-correlations, we keep the sources and diffuse light
separated on the map level.
Our plan for the map making is the following: to ease
the process, we build our diffuse light maps in two GALEX
bands based on an existing product of Murthy (2014a) for
which detected sources are already masked; our goal for the
source maps is thus to simply recover the light in the exact
set of masked sources but keep it in a separate set of maps.
The two sets, diffuse and sources, thus sum up to the total
intensity field recorded by GALEX. Below we describe our
map making in detail.
3.1.1. Diffuse light
For the diffuse light, we start from the product generated
by Murthy (2014a), who masked out all sources detected by
the GALEX survey team pipeline, and rebin the images to
pixels of 2′. In this product, an attempt to remove the zodia-
cal light and geocoronal oxygen airglow has been made uti-
lizing the variation seen toward the same patches of the sky
as a function of time and location of the spacecraft (Murthy
2014b). Their final diffuse radiation maps in FUV and NUV
are dominated by starlight scattered by Milky Way dust, es-
pecially at low latitudes. At high latitudes, the extragalac-
tic contribution is significant but its amplitude is under de-
bate, due to the uncertainties in the near-Earth and Galac-
tic foregrounds (Hamden et al. 2013; Henry et al. 2015; Ak-
shaya et al. 2018). Our cross-correlation analysis has the ad-
vantage that the result should not be biased by the presence
of foregrounds, as they only add noise but do not correlate
with extragalactic large-scale structures. To obtain a ran-
dom sampling of the sky, we keep only tiles from the AIS or
MIS programs and exclude those observed as part of other
guest observer programs targeting preselected sources.
We postprocess these data from Murthy (2014a) with ag-
gressive cleaning for our analysis. We first trim the per-
tile field of view from 1.◦2 diameter to 1◦ to reduce edge ef-
fects. For each tile we discard outlier pixels associated with
ghosts, bright dust cirrus, or other artifacts by carrying out a
3σ clipping in the intensity in FUV and NUV separately. Be-
cause the Galactic foreground in the UV correlates strongly
with other dust observables, we further remove tiles whose
median Galactic reddening (as measured in E(B − V ) in
Schlegel et al. 1998) is above 0.05 mag. This restricts our
analysis to the area with Galactic latitude |b|& 30◦. We re-
move a small number of tiles with highly asymmetric inten-
sity distribution whose mean-to-median ratio or standard
deviation to 68th percentile range ratios differ substantially
from unity. Finally, because the Galactic foreground fluc-
tuates on all, especially at large scales but, the extragalac-
tic information we wish to extract is primarily at subtile
scales, we subtract the median intensity in each tile to get
a flat cross-tile zero point. As our cross-correlation estima-
tor (Equation 8) uses the absolute but not fractional inten-
sity fluctuations, at this point we do not need to know the
amplitude of the monopole extragalactic background being
subtracted together with other foregrounds.
We combine all of our selected and processed tiles us-
ing the HEALPix scheme (Górski et al. 2005). An Nside of
4096 with 50′′ pixels is used to resample the 2′ pixels in
the Murthy (2014a) images. We show the processed FUV
diffuse background map in the northern sky in Figure 4.
After masking the area outside the footprint of our cross-
correlation reference objects (see the next subsection), the
final diffuse intensity maps used in our UVB measure-
ment cover about 5500 deg2 (4500/1000 deg2 in the north-
ern/southern hemisphere) for both FUV and NUV.
In addition to the intensity maps in two bands, we also
construct a set of corresponding error maps to be used
as the optimal inverse-variance weighting for our cross-
correlation estimator. Assuming large-scale homogeneity
for the UVB, the spread of the intensity distribution within
each tile thus reflects the level of noise, which is spatially
variant due to both varying exposure time and foregrounds.
We calculate the per-tile variance based on its 68th per-
centile range and combine them using the same HEALPix
scheme. These error/variance/weight maps evvectively
have a resolution of 1◦. The FUV variance map over the
northern sky is shown together with the intensity in Fig-
ure 4; one can visually see the correlation between the two.
3.1.2. Light in detected sources
The GALEX pipeline provides a catalog of sources com-
bining those detected in the FUV and NUV bands (the
“mcat”). These sources are the ones that have been masked
in the Murthy (2014a) diffuse maps used above. To recover
the total light but be able to perform the redshift tomo-
graphic cross-correlations separately, we construct a set of
intensity maps in FUV and NUV summing up photons in
detected sources. Objects brighter than 20 mag but unre-
solved in GALEX are excluded as they are more likely to be
stars, which do not correlate with the extragalactic sky but
will add noise to our correlation measurements. For spatial
sampling, we treat all objects as point sources and attribute
the total flux density of a source to its centroid. The com-
bined flux density field is then placed onto a HEALPix grid
of Nside = 4096 and converted into the same intensity unit
used in the diffuse maps. We keep the AIS and MIS coverage
separated in two maps for each band. Compared to the dif-
fuse light maps, these source maps are spatially sparse es-
pecially for the shallower AIS maps where the surface den-
sity of sources is low; the source maps are also much less
subject to foreground contamination especially at high lat-
itudes. Our source maps differ from the typical galaxy den-
sity field used in other large-scale structure studies as ours
are light weighted; we expect this to skew the redshift dis-
tribution to a more bottom-heavy one by a factor roughly
scaled with the luminosity distance. We use the same in-
verse variance maps built using diffuse light.
3.2. Sloan Digital Sky Survey (SDSS) large-scale structure
reference
Our intensity cross-correlation tomography requires a
reference sample of matter tracers in the cosmic web with
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known redshifts. For this purpose, we combine four spec-
troscopic samples of galaxies and quasars from the SDSS.
At z . 0.2, we take the “MAIN” galaxy sample from the NYU
value-added catalog made for large-scale structure studies
(Blanton et al. 2005). Over 0.1. z . 0.4 and 0.4. z . 0.7,
respectively, we rely on the BOSS “LOWZ” and “CMASS” lu-
minous red galaxy samples. These are from the large-scale
structure catalogs built in Reid et al. (2016). At higher red-
shift, all of our reference objects are from the SDSS DR14
quasar catalog, which is an incremental release containing
all SDSS I–III quasars as well as the new objects being ob-
tained by the SDSS IV eBOSS survey. To ensure reliable red-
shifts for the quasars, we further select those without the
z-warning flag set. The combined reference sample has a
total of about 1.5 million objects within the footprint of the
GALEX maps that we build. The reference catalog we use
here is very similar to that used in Chiang & Ménard (2019)
but includes both the northern and southern SDSS fields.
We refer the readers to Chiang & Ménard (2019) for the
redshift distribution of each subsample and their redshift-
dependent bias factors with respect to matter clustering.
4. RESULTS
4.1. Redshift tomography of GALEXmaps
Here we present our clustering-based redshift deprojec-
tion of the background intensity in the GALEX FUV and
NUV bands. For each band and for both the diffuse and
detected source maps, we measure w Jr (θ,z), the angular
cross-correlation functions between the intensity field and
the reference sample as a function of redshift of the latter
as defined in Equation 8. To increase the signal-to-noise ra-
tio of our correlation estimator, we use an inverse variance-
weighted mean for the ensemble average in Equation 8,
where the variance is given by the GALEX error maps intro-
duced in Section 3.1. We estimate the scale-integrated am-
plitude w¯ Jr (z) by summing up the measured clustering am-
plitudes over the range 0.5–5 physical Mpc using a power-
law angular weighting as described in Equation 9. Lastly, we
correct for the known, redshift-dependent matter clustering
amplitudes and the bias factors of the reference sample to
get w¯ Jr /(br w¯m) = (dJν/dz) b J (Equation 11), which is the
bias-weighted intensity in the observer bandpass emitted
per unit redshift interval as a function of redshift.
We perform a simple Galactic extinction correction on
the normalization of these correlation amplitude measure-
ments but not on the map level. This is to avoid the spa-
tially correlated bias, due to extragalactic imprints in the
Galactic dust maps currently available (Chiang & Ménard
2019). Using the Cardelli et al. (1989) extinction law, Bianchi
(2011) calculated the band-averaged Aλ/EB−V ≈ 8, which is
nearly the same in FUV and NUV due to the presence of
the “2175 Å bump” in the NUV. Over the sky area that we
use under our inverse variance-weighting scheme, the ef-
fective EB−V is about 20 mmag using Schlegel et al. (1998)
measurements rescaled according to Schlafly & Finkbeiner
(2011). The Galactic extinction thus has an amplitude of
about 0.15mag, independent of the band and redshift. To
correct for dust extinction globally, we therefore scale up
our measured (Jν/dz) b J by 15%. We also note that our
cross-correlation measurements would not be affected by
the potential reference galaxy–Galactic foreground corre-
lation induced by dust extinction. This is demonstrated
in Chiang & Ménard (2019) by the stringent limit and
null detection in the cross-correlation between SDSS galax-
ies/quasars and an HI-based reddening map.
Figure 5 shows our estimates of the angular cross-
correlations between GALEX specific intensity and the den-
sity of reference spectroscopic objects as a function of red-
shift. As described in Section 2.3, this quantity corre-
sponds to the product (dJν/dz) b J . The top/bottom panels
show the measurements for FUV/NUV in diffuse light (blue
bands; 1σ range) and detected source (yellow hatched re-
gions) components. The black data points show the sum
of these two components. The error bars are estimated by
bootstrapping our reference sample and calculating the dis-
persion in the estimated cross-correlation amplitudes. A
3% cosmic variance error (calculated based on Trenti & Sti-
avelli 2008) and 3% zero-point error are added in quadra-
ture to the bootstrapping errors. At z > 1/1.5 in FUV/NUV,
we only include the diffuse component in the total, because
the source contribution is consistent with zero at those red-
shifts and only adds noise. We can observe that the redshift
dependence of (dJν/dz) b J mainly reflects the emission red-
wards of the Lyman break being present in a given filter. Our
clustering-based redshift measurements are revealing spec-
troscopic features of the background light (i.e., the cosmic
K -correction). Below, we present quantitative constraints
on the redshift-dependent UVB spectrum.
4.2. Spectral tagging the UVB
4.2.1. Bayesian inference and Markov Chain Monte Carlo (MCMC)
Given our redshift tomographic measurements, a genera-
tive model describing the response in the observable for any
given UVB emissivity and bias (Equation 13) and our spe-
cific parameterization, we now constrain the cosmic time-
and frequency-dependent UVB under a Bayesian frame-
work. An MCMC method will be used to obtain the pos-
terior probability distributions of model parameters. Here
we describe the ingredients of our inference as follows.
1. Data D: the primary dataset we use to constrain the
model is the redshift deprojected, bias-weighted FUV
and NUV intensities (dJν/dz) b J shown in Figure 5.
Ideally, one would also include the total, redshift-
projected extragalactic monopole intensities as addi-
tional integral constraints. However, in the UV, the
amplitudes of the monopoles are still under debate.
We therefore use only the ratio of the monopoles in
NUV versus FUV, which is better known. We use
the value JNUVν /J
FUV
ν = 3± 0.3 based on analyses in
the integrated galaxy light (IGL) down to faint magni-
tudes (Xu et al. 2005; Driver et al. 2016). This effec-
tively appends one data point to our data vector,
D=
(
dJFUVν
dz
b J (z),
dJNUVν
dz
b J (z),
JNUVν
JFUVν
)
, (16)
where z is the redshift bin vector.
2. Model M: as laid out in Section 2, our model M in-
volves the functional form of ²ν(ν,z) (see Appendix A)
and b(ν,z) (Equation 15) and how they relate to the
observables in the data space based on radiative
transfer (Equation 3, 4, and 13). This includes the
filter response functions taken from Morrissey et al.
(2005) and the amount of IGM absorption with the
optical depth taken from the analytic approximation
UV Background 9
FIG. 5.— Redshift deprojected, clustering bias-weighted GALEX FUV (top) and NUV (bottom) intensities obtained via the clustering redshift technique.
Blue and yellow-hatched bands show the 1σ range of the contribution from diffuse light and light in detected sources (down to 20.5–23.5 mag). Data points
show the total, which is dominated by diffuse light at high redshifts. The best-fit model in the data space is shown in red curves, and a random subset of 100
MCMC samples is shown in gray curves.
in Inoue et al. (2014) based on observations of inter-
vening neutral clouds seen as absorption line systems
in quasar spectra. There are 12 free parameters in our
model:
θ =
(
log(²z=01500 b
z=0
1500), γ²1500, α
z=0
1500, Cα1500,
αz=01100, Cα1100, EW
z=0.3
Lyα , EW
z=1
Lyα , logf
z=1
LyC,
logfz=2LyC, γbν, γbz
)
. (17)
3. Likelihood P(D |θ,M): given a set of parameters θ
that determine the UVB emissivity and clustering
bias factor, we calculate the expected data. For
(dJν/dz) b J , we use Equation 13. For the monopole
ratio, we take Jν in the two bands using Equations 3
and 4. As our redshift binning is wider than the typi-
cal correlation length in redshift space, we treat all the
data as independent measurements. Assuming Gaus-
sian errors, the likelihood function is thus
L=P(D |θ, M)
=∏
i
1√
2piσ2i
exp
(
− (D
′
i−Di)2
2σ2i
)
, (18)
where D ′i and Di are the expected and measured data
vectors, respectively, andσi are the errors in the mea-
surements.
4. Prior P(θ): we employ flat priors for most of the pa-
rameters with a few exceptions. ForCα1500 andCα1100
parameterizing the redshift evolution of the corre-
sponding spectral slopes (see Appendix A), we do not
have strong constraints from our data. We therefore
set a wide Gaussian prior of 0±1.5 for each. The red-
shift evolution power index γ²1500 for the 1500Å emis-
sivity normalization is highly degenerate with spec-
tral slopesα1100 andα1500, and also b(ν,z), which can
be appreciable in the left panel of Figure 3 as all these
parameters affect the long-range tilt of (dJν/dz) b J (z).
We expect a strongly rising 1500Å emissivity from z =
0 to z = 2 following the cosmic star-formation, or sim-
ilarly the black hole accretion history (Madau & Dick-
inson 2014). Based on direct rest-FUV measurements
in detected sources down to faint magnitudes uncor-
rected for interstellar medium (ISM) dust attenuation
(Schiminovich et al. 2005; Alavi et al. 2016), we set a
Gaussian prior of 2± 0.3 in γ²1500. We note that this
prior is not model dependent and originates directly
from observations. The priors and the ranges allowed
for our parameters are summarized in Table 1.
Having specified all the ingredients in the Bayes’ rule,
P(θ |D)∝ P(D |θ)P(θ) , (19)
we use an MCMC package of Foreman-Mackey et al. (2013)
to sample the posterior distributions P(θ |D) of our model
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FIG. 6.— Posterior UVB comoving volume emissivity as a function of
wavelength and redshift in our GALEX spectral tagging analysis. Black
lines show the posterior medians, and gray bands show the 1σ errors. The
hatched area indicates regions with no direct data constraint in GALEX; re-
sults in these regions should be viewed as extrapolations.
FIG. 7.— Posterior UVB emissivity parameters as a function of redshift.
Black lines and gray bands show the posterior median and 1σ errors.
Downward arrows show 3σ upper limits. The hatched area indicates re-
gions with no direct data constraint. We note that our linear parameteri-
zation in EWLyα is needed for the positive detection to be robust.
parameters given the data. The fitted posterior median and
16th/84th percentiles for each parameter are summarized
in Table 1. A certain level of covariances between the pa-
rameters is present, which we visualize in Appendix B.
Figure 5 overlays the measurements with the best-fit
(posterior median) model in the data space with red curves.
A random subset of 100 MCMC samples is also shown in
gray curves. One can see that, overall, the model can suf-
ficiently describe the data. At high redshift, the drop-offs
in both bands are due to the presence of the Lyman break.
At low redshift before the break comes in, the overall flat
or increasing (dJν/dz) b J suggests an increasing emissivity
and/or clustering bias toward high redshift; otherwise, the
steep cosmic dimming factor (i.e. 1/[H(z) (1+ z)] in Equa-
tion 13) would quickly suppress the correlation amplitudes.
There is a hint of cosmic Lyα emission present at z ≈ 1, re-
sulting in a small bump when the line is redshifting through
the NUV filter. This will be discussed in detail later. Interest-
ingly, one can see that the model tries to match the wiggles
in the data at z ≈ 0.3 in FUV. This is possible because we
include a sharp feature, i.e., Lyα that is convolved with the
filter response at these redshifts (see the middle column in
Figure 3). This drives the best-fit EWz=0.3Lyα value away from
exactly (but still consistent with) zero. The exact shapes of
the filter curves are only known to 5–10% precision. If im-
proved, we will gain constraining power on the line detec-
tion. It is equally interesting that the data in NUV over the
same redshift range do not show significant wiggles, and in-
deed, the model does not allow short-mode fluctuations as
the corresponding spectrum is a featureless continuum at
1400–2800Å; this provides evidence that the wiggles in FUV
may be real and not due to the underestimation of the er-
rors.
4.2.2. Breaking the intensity–bias degeneracy
We now have gathered enough information to break the
intensity–bias degeneracy in the normalization parameter
²z=01500b
z=0
1500. This utilizes the finding that at z = 0, almost all
of the clustered UVB photons are from detected extragalac-
tic sources (Figure 5), whose projected monopole intensity
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TABLE 1
PRIORS AND POSTERIORS OF THE PARAMETERS
Parameter Range / Prior Posterior
log(²z=01500 b
z=0
1500) [20, 30] flat 25.13
+0.01
−0.01
γ²1500 [-7, 7] Gaussian 2±0.3 2.06+0.31−0.30
αz=01500 [-7, 7] flat −0.08+1.28−0.84
Cα1500 [-7, 7] Gaussian 0±1.5 1.85+1.22−1.28
αz=01100 [-7, 7] flat −3.71+1.34−0.98
Cα1100 [-7, 7] Gaussian 0±1.5 0.50+1.46−1.44
EWz=0.3Lyα [-500, 500] flat −6.17+12.63−11.43
EWz=1Lyα [-500, 500] flat 88.02
+51.44
−48.87
logfz=1LyC [-20, 0] flat <−0.53 (3σ)
logfz=2LyC [-20, 0] flat <−0.84 (3σ)
γbν [-7, 7] flat −0.86+0.83−1.29
γbz [-7, 7] flat 0.79
+0.32
−0.33
Jν is much better known. Additionally, the contamination
from foreground sources (i.e. stars) is low especially at high
latitudes. Combining the measured Jν and (d Jν/dz)b J in
detected sources, the relationship between b J and b(ν,z)
given in Equation 14 (which depends on the fitted ²ν), and
the integral constraint in Equation 5, one can solve for the
bias normalization bz=01500. In our case, we can greatly sim-
plify Equation 14 because no frequency weighting for the
filter and emissivity is needed as the fitted spectral slope
αz=01500 is about 0 and the IGM absorption at low redshifts for
non-ionizing photons is negligible. The effective intensity
bias becomes the emitted photon bias evaluated at the ob-
served bands:
b J (z)≈ b(ν¯,z) , (20)
where ν¯ = ν¯obs (1+ z) for ν¯obs as the effective frequency
of FUV or NUV. Given our parameterization for b(ν,z), we
therefore have
bz=01500 =
1
J sourcesν
∫
dz
(d J sourcesν /dz)b J
(ν¯obs/ν1500)γbν (1+ z)γbν+γ
sources
bz
(21)
where J sourcesν , = d J sourcesν /dz, γsourcesbz are, in this case,
the values for detected sources instead of those for the to-
tal UVB. A flux-limited sample of sources corresponds to
an increasingly rarer and highly biased part of the total
background emissivity at higher redshift. Based on the
redshift-dependent luminosity threshold in GALEX and the
luminosity-dependent galaxy bias measurements in SDSS
from Zehavi et al. (2011), the bias for a flux-limited source
sample scales roughly like (1+ z)2, i.e. a factor of (1+ z)
steeper than that given by our best-fit slope γbz for the total
EBL. To properly propagate the covariance with other pa-
rameters, we assume that the detected source component
follows γsourcesbz = γbz +1; for each MCMC sample of the to-
tal UVB posteriors for γbz and γbν, we can therefore sample
the posterior of the bias normalization bz=01500 using the de-
tected source component. The result is bz=01500 = 0.32±0.05.
Given the rapid decline of the detected source contribu-
tion at higher redshift, we note that the precise value of
the slope describing the redshift dependence γsourcesbz has
a weak effect on the estimation of the bias parameter bz=01500.
Increasing/decreasing the slope γsourcesbz of the redshift de-
pendence by 0.3 decreases/increases the best-fit bz=01500 by
about 5% only.
4.2.3. Cosmic UVB emissivity
We now present our results on the UVB volume emis-
sivity ²ν(ν,z) as a function of redshift and rest-frame fre-
quency. Figure 6 shows our posterior ²ν(ν,z) at five dif-
ferent redshifts or cosmic time, with the corresponding
redshift-dependent spectral parameters shown in Figure 7.
In these two figures, the black lines show the posterior me-
dian, and the gray bands show the 1σ errors obtained from
the 16th/84th percentiles of the MCMC posterior sampling
projected onto these one-dimensional spaces. We have ob-
tained the intensity normalization ²z=01500 by dividing the fit-
ted joint normalization ²z=01500b
z=0
1500 by b
z=0
1500 presented in the
previous subsection and propagated the error. The hatched
area shows regions with no direct data constraint using
GALEX bands; the results there are thus considered extrapo-
lations. Out of the 12 parameters (plus the ²z=01500b
z=0
1500 degen-
eracy now broken), we obtain meaningful constraints on all
but three redshift dependency parameters for which exter-
nal priors are used: γ²1500, Cα1500, and Cα1100 which de-
scribe the relative redshift evolution for the 1500Å emissiv-
ity, 1500Å continuum slope, and 1100Å continuum slope,
respectively. Our UVB inference is done without any as-
sumption on the nature of the sources involved.
Our analysis constrains some of the key properties of the
non-ionizing UVB continuum. These include the ampli-
tude of the overall 1500Å emissivity, which quantifies the to-
tal radiation output of the universe in this spectral window.
The spectral slopes that we obtain at both 1100 and 1500Å
probe a combination of the emission and absorption mech-
anisms in galaxies or quasars before the light enters the
metagalactic space into the IGM. For a galaxy-dominated
scenario, these spectral slopes are related to the age- and
metallicity-dependent stellar populations as well as the ab-
sorption in the dusty ISM averaged over all galaxies. We
note that although we set a prior of non-evolving α1500, the
data seem to favor a α1500 steepening toward high redshift
with marginal significance. The physical implications will
be discussed in more detail in Section 5.1 together with a
widely used synthetic UVB model.
We find clear evidence of the presence of the Lyman break
in the UVB, while the leakage of cosmic ionizing photons at
λ< 912Å is not detected. Our 3σ upper limits for the cosmic
Lyman continuum escape fraction are placed at 30% and
14% at z ≈ 1 and 2 probed by the FUV and NUV bands, re-
spectively. The constraint is not particularly tight compared
to that obtained using Lyα forest absorption (Meiksin &
White 2003; Khaire et al. 2019), but we note that our method
is distinct in that it more directly traces the ionizing emis-
sion.
It is also interesting to mention the constraints we ob-
tain for the Lyα line. At low redshift, z . 0.4, our esti-
mate of EWLyα is consistent with zero. At z ≈ 1, we find a
2σ indication of Lyα emission with EWLyα = 88.02+51.44−48.87 Å.
This is represented in Figure 6 using an arbitrary line width
for the Lyα set to FWHM = 5Å for visualization purposes.
Our intensity mapping approach is sensitive to all the Lyα
photons from recombination powered by star-formation or
black hole accretion, and potential low surface brightness
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FIG. 8.— Comparison between our UVB emissivity measurements with
the model of Haardt & Madau (2012) at z = 0, 1, and 2. The 1σ error for our
measurements (averaged over these three redshifts) is shown in the bot-
tom panel. An overall agreement between the two can be found, while our
measurements have a higher z = 0 normalization, less steep redshift evolu-
tion of the normalization, and a hint of hardening in the 1500Å continuum
slope toward high redshift.
IGM emission. One caveat of our estimate is that if the
luminosity-weighted clustering bias factor for Lyα differs
from that of the continuum around 1216Å, the equivalent
widths or luminosity densities need to be scaled with the
continuum-to-line bias ratio. We will discuss our cosmic
Lyα constraints together with that in the literature in Sec-
tion 5.2.
5. DISCUSSION
5.1. Comparison with the Haardt & Madaumodel
We compare our direct UVB emissivity measurement to
the widely used synthetic model of Haardt & Madau (2012,
hereafter HM12; see also Haardt & Madau 1996, 2001).
We focus the comparison on the non-ionizing UV con-
tinuum, which, in HM12, is dominated by emission from
galaxies. HM12 bases its normalization of FUV emissiv-
ity on observed luminosity functions. The shape of the
UVB spectrum is obtained from a series of modeling includ-
ing ISM extinction correction (Calzetti et al. 2000), stellar-
population synthesis (Bruzual & Charlot 2003), cosmic star-
formation and metal production history estimations, and
transforming back from star formation to a dust-extincted,
frequency-dependent emission. Figure 8 shows the UVB
emissivity from HM12 in dashed lines compared to our
measurements, in solid lines, at z = 0, 1, and 2. The overall
agreement between these two is remarkable. The match in
the emissivity amplitudes supports the fidelity of our over-
all correlation measurements and the clustering bias nor-
malization using the UVB monopole in detected sources.
The consistency in the spectral slopes supports both ap-
proaches: for our spectral tagging result, it is an empiri-
cal measurement with minimum assumptions but has not
been applied and tested before; for HM12 the need to in-
voke stellar population synthesis and dust extinction cor-
rection makes their result highly model dependent. As our
approach measures the total background, agnostic about
the type of sources, the overall agreement with HM12 sup-
ports the scenario that the non-ionizing UVB is dominated
by galaxies as postulated in HM12.
There are, however, minor differences between the two.
Over 0 < z < 2 our emissivity evolves with (1+ z)2, which is
shallower than that in HM12 with (1+ z)2.6. This is driven
by different measurements of the FUV luminosity density
evolution adopted in HM12 and in the assumed prior of our
fitting. Based on the recent compilation of data in Alavi et al.
(2016) integrated down to a much fainter magnitude limit
than previously used, a shallower UV emissivity evolution
versus redshift seems to be preferred.
The HM12 emissivity has almost redshift-invariant spec-
tral slopes, while our measurement shows a mild hardening
of the 1500Å continuum toward high redshift. This redshift
evolution is subtle and is only detected at the 1.5σ level in
our Cα1500 parameter, but this is after we set a prior that fa-
vors no redshift evolution. At z = 0, both our and HM12’s
emissivities have a slope of α = 0 in ²ν ∝ να or β = −2 in
²λ ∝ λβ at 1300–2800Å, typical for local starburst galaxies
(Meurer et al. 1999). At z = 1, before this spectral range exits
our bands, we find a best-fit α = 0.5 (β = −2.5). This bluer
UV slope is consistent with the dominant galaxy popula-
tion being younger, less dusty, and/or less metal enriched
(Bruzual & Charlot 2003; Reddy et al. 2018) at high redshift.
Alternatively, a perhaps counterintuitive scenario is that an
increasing contribution from far-IR luminous “dusty” galax-
ies at high redshift could also explain the increasing hard-
ness in the UV; this is because while a substantial amount
of light is absorbed, the emerging spectrum is blue and
OB-star-dominated if they are not entirely dust enshrouded
(Casey et al. 2014). We note that an increasing fractional
quasar or active galactic nucleus (AGN) contribution would
not result in a bluer non-ionizing UV continuum at 1300–
2800Å (Vanden Berk et al. 2001).
5.2. Cosmic Lyα
Galaxies and AGNs are known to produce Lyα emission
from the recombination of ionized nebula powered by star-
formation or supermassive black holes. In addition, fluo-
rescent Lyα powered by ionizing UVB in the diffuse IGM
(Kollmeier et al. 2010) or gravitational cooling in the denser
part of the collapsing IGM/CGM (Faucher-Giguère et al.
2010) might also contribute to the cosmic Lyα budget. In
Figure 9, we compare our Lyα luminosity density measure-
ments at z = 0.3 and z = 1 (red limit/data point) and other
results in the literature. Gray and blue hatched bands show
the contribution from star-forming galaxies, and galaxies
plus AGNs estimated in Wold et al. (2017). This is obtained
via a scaling of the Hα luminosity density measured in the
HiZELS survey (Sobral et al. 2013)s due to the lack of reli-
able Lyα luminosity function measurements between z =
0.4 and 2. In particular, the current Lyα emitter census at
z ≈ 1 using GALEX grism data in NUV is limited to only the
brightest sources (Wold et al. 2014). Interestingly, our spec-
tral tagging measurement is consistent with the allowed re-
gion for galaxies plus AGN contribution. Because our tech-
nique uses no surface brightness thresholding, it is sensitive
to potential IGM emission. Our results therefore indicate
that the amount of IGM emission cannot be much greater
than the total contribution from galaxies and AGNs, i.e.,
ρIGMLyα /ρ
Galaxies+AGN
Lyα . 1, (22)
valid for both z = 1 and z = 0.3. A limited number of theoret-
ical works have explored the predictions of cosmic Lyα from
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FIG. 9.— Lyα luminosity volume density. Our upper limit at z = 0.3 and
detection at z = 1 are shown by red symbols. The quasar–Lyα and Lyα
forest–emission correlation measurements in Croft et al. (2018, see also
Croft et al. 2016) are shown by the black data point and upper limit, respec-
tively. Gray and blue-hatched bands show the contribution from galaxies
and galaxies plus AGNs estimated in Wold et al. (2017); due to the lack of
reliable measurement at 0.4 < z < 2, this is obtained by scaling the Hα lu-
minosity density measured in the HiZELS survey (Sobral et al. 2013). At
z = 0.3 and 2 < z < 3, this galaxy contribution (gray band) is consistent
with direct Lyα emitter survey results (Gronwall et al. 2007; Ouchi et al.
2008; Deharveng et al. 2008; Cowie et al. 2010; Guaita et al. 2010; Blanc et
al. 2011; Ciardullo et al. 2012; Konno et al. 2016; Wold et al. 2017).
the diffuse IGM at both pre- and post-reionization epochs,
while these models currently do not agree with each other
quantitatively (Pullen et al. 2014; Silva et al. 2013; Comaschi
& Ferrara 2016).
Figure 9 also shows the spectroscopic line-intensity map-
ping results at z = 2.55 from Croft et al. (2018), who up-
date their earlier measurement in Croft et al. (2016). By
cross-correlating quasars and Lyα in the spectra of SDSS
galaxy with the best-fit galaxy contribution removed, Croft
et al. (2018) detected a metagalactic Lyα emission an or-
der of magnitude brighter than that expected from galaxies
and AGNs (black data point). In addition, they also use the
Lyα forest as the large-scale structure tracer to perform the
tracer–spectra correlations, resulting in the null detection
of Lyα emission (black upper limit). These authors suggest
that the Lyα intensity probed by the quasar–Lyα correla-
tion is not representative for the cosmic mean, but instead
it is dominated by reprocessed emission enhanced in the
quasar vicinity even at the 1.4–20 Mpc scale. Our technique
shares some of the characteristics with that used in Croft et
al. (2016, 2018), but at z = 1, where our reference objects are
also quasars, we do not find an order-of-magnitude higher
Lyα emission from expected galaxy contribution. We spec-
ulate that our approach might be less subject to this quasar
proximity bias for two reasons. First, although we do not
probe a larger distance span from the quasars in the trans-
verse dimension on the sky, the line-of-sight distance that
we probe is much longer, potentially diluting the effect. Sec-
ond, the quasar proximity bias might be partly absorbed in
the clustering bias factor b(ν,z) that we fit, again reducing
its impact in the emissivity estimations. Of course, it is still
possible that either or both studies have yet unidentified
systematics.
The Lyα emission of galaxies originates from recombina-
tion in HII regions and is usually strongly suppressed by
a dusty neutral ISM before escaping to intergalactic space.
We define an effective Lyα escape fraction such that
ρLyα = fescC ρ∗ , (23)
whereρ∗ is the cosmic star formation rate (SFR) density and
C = 1.1× 1042 erg s−1 M−1¯ yr is the SFR-to-Lyα conversion
factor using the empirical Hα SFR calibration of Kennicutt
(1998) assuming a Case B recombination Lyα-to-Hα ratio
(Osterbrock & Ferland 2006)5. Given the ρ∗ measurements
compiled in Madau & Dickinson (2014), we can place con-
straints on the cosmic Lyα escape fraction of fesc < 7% (3σ)
at z = 0.3 and fesc = 10+10−6 % at z = 1 assuming that all of the
Lyα photons originate from galaxies. If AGNs contribute to
half of theρLyα we detect, the Lyα escape fractions for galax-
ies would have to be reduced by a factor of 2. This cosmic
effective escape fraction is well within the range of individ-
ual Lyα- or continuum-selected galaxies (Wold et al. 2017;
Oyarzún et al. 2017).
Our estimated UVB Lyα equivalent width of 80 ± 50Å
at z ≈ 1 is very close to that expected for galaxies with a
constant star-formation history based on stellar population
synthesis modeling (Charlot & Fall 1993), but is perhaps
on the high side of the distribution for observed galaxies
(Hayes 2015). As reviewed in Hayes (2015), a limited num-
ber of observational results have suggested that the equiv-
alent width of Lyα-emitting galaxies might indeed reach its
peak at z = 1 and flatten out toward high redshifts.
5.3. Total UVB
The origin and demography of the UV photons contribut-
ing to the diffuse light seen in GALEX or earlier UV mis-
sions has been a matter of debate (Martin & Bowyer 1989;
Martin et al. 1991; Bowyer 1991; Henry 1991; Hamden et al.
2013; Henry et al. 2015; Akshaya et al. 2018). The difficulty
arises from the existence of a strong and highly spatially
varying component of Galactic dust-scattered light. Even
in low dust column density regions of the sky, the detected
intensity might still be strongly contaminated by a near-
Earth foreground from airglow and zodiacal light (Murthy
2014b), as these UVB measurements have all been done
with low-Earth experiments, be it balloon-borne, rocket-
borne, or space-based. Recently, Henry et al. (2015) and Ak-
shaya et al. (2018) argued that after taking into account all
the known sources of radiation (Galactic dust, extragalac-
tic background, and near-Earth foreground), there still ap-
pears to be a “mysterious foreground,” a homogeneous dif-
fuse light component that is of unknown origin.
Our UVB measurement is based on spatial correlations
with extragalactic matter tracers. The analysis is insensitive
to the presence of foregrounds of non-extragalactic origin,
providing a robust constraint on the EBL monopole inten-
sity. In Figure 10, we show our measured dJν/dz similar
to that in Figure 5 but with the simultaneously fitted bias
factor taken out. We integrate the intensity over redshift
and find a monopole EBL intensity of 90+28−16 Jy sr
−1 in FUV
and 259+62−33 Jy sr
−1 in NUV. These correspond to 89+28−16 and
172+40−21 photon units (photons cm
−2 s−1 sr−1 Å−1) in FUV
and NUV, respectively. We also find that about 30% of the
total EBL in both bands is in discrete sources already de-
5 This value for C is valid only for the Salpeter (1955) initial mass func-
tion (IMF), but the IMF dependence will be canceled out after being mul-
tiplied by ρ∗, and so would not affect the estimation for fesc.
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FIG. 10.— Best-fit UVB intensity in FUV and NUV as a function of emitted
redshift. The redshift integral gives the total EBL monopole in each band.
TABLE 2
DEMOGRAPHICS OF THE UVB MONOPOLE
FUV NUV
[photon units]
Total extragalactic backgrounda 89+28−16 172
+40
−21
Galaxies+AGNs, extrapolatedb 73±8 158±23
Remaining IGM emission budget 16+29−18 14
+46
−31
a GALEX AIS/MIS, this work
b From Driver et al. (2016)
tected in GALEX AIS and MIS down to 20.5–23.5mag (see
Figure 5). By combining much deeper data from the Hubble
Space Telescope with GALEX data, Driver et al. (2016) de-
rived and extrapolated UV luminosity functions to calculate
the total IGL (including AGN contribution), resulting in IGL
monopoles of 73±8 and 158±23 photon units in FUV and
NUV. The differences between our total EBL and the IGL are
16+29−18 and 14
+46
−31 photon units in FUV and NUV, which pro-
vide a direct constraint on the cosmic photon production
budget allowed for the diffuse IGM. Table 2 summarizes our
results on the monopole UVB demographics.
Summing up our foreground-free estimation of the EBL
with the known foregrounds of near-Earth origin (Murthy
2014b) and Galactic dust (Akshaya et al. 2018), there is still
a shortage of 200–450 photon units before we can fully ex-
plain the total intensity monopole seen in GALEX. Our re-
sult thus confirms the existence of an unidentified UV fore-
ground. The nature of this “mysterious foreground” re-
mains unknown, but its extragalactic origin can now be
firmly ruled out by our clustering analysis.
5.4. Photon bias and cosmic mass-to-light relation
The UVB clustering bias b(ν,z) contains valuable infor-
mation about the relation between the sources of radiation
and the matter density field, which could be an important
summary statistic to constrain cosmological galaxy forma-
tion. Based on our definition, b(ν,z) should be interpreted
as the mean clustering bias for photons of rest-frame fre-
quency ν emitted at redshift z. In Figure 11, we plot our
best-fit EBL photon bias
b = 0.32
(
λ
1500Å
)0.86±1
(1+ z)0.79±0.3 , (24)
at 1500 and 3000Å (rest-frame), and extrapolated to 6000Å
in the optical. Our result favors the scenario where the EBL
bias increases significantly toward high redshift, and at a
given redshift, the bias is probably chromatic, with red pho-
tons clustered more strongly than blue ones. The uncer-
tainty of this constraint is still large, especially in the fre-
quency dependence. We show the full error for b(1500Å) in
the red band, while both b(3000Å) and b(6000Å) are only
above b(1500Å) by 1σ. Nonetheless, using this relation in
optical wavelengths does produce bias values compatible
to those measured for optically selected L∗ galaxies (black
data points: Zehavi et al. 2011; Marulli et al. 2013; Skibba
et al. 2014) in both the amplitudes and, more meaningfully,
the redshift dependence, given its smaller uncertainty in
our constraints. A similar redshift trend has also been re-
ported for galaxies in the UV (Heinis et al. 2007). However, a
strictly UV-selected galaxy sample at z < 2 is hard to obtain
considering that the process of redshift estimation usually
involves matching the objects with optical data. The fre-
quency dependence of our best-fit bias is qualitatively con-
sistent with the low clustering bias found for star-forming
galaxies compared to that for red, passive ones (Milliard et
al. 2007; Heinis et al. 2009; Coil et al. 2008, 2017).
One way to interpret the clustering of the cosmic radia-
tion field is to populate the corresponding sources in dark
matter halos using halo models (Cooray & Sheth 2002). In
Figure 11 we plot the halo bias from the N-body simula-
tions compiled in Tinker et al. (2010) in gray dashed lines
from 108 to 1013 M¯. The UV photon bias is low compared
to that of dark matter halos; if both estimations are robust,
this would suggest that it may be hard to attribute all of the
sources of radiation to galaxies in collapsed halos. We might
therefore already see the contribution from a radiation field
of more extended and diffuse origin. One extreme example
of an uncollapsed matter tracer is the Lyα forest from neu-
tral clouds in the IGM, whose clustering bias is constrained
to be very low (0.2±0.04; Slosar et al. 2011), as indicated by
the blue data point in Figure 11.
An alternative explanation of the apparent low photon
clustering in the UV is the significant level of stochasticity
in the cosmic mass-to-light relation. It has been demon-
strated that massive, optically selected galaxies like those
in our reference sample trace the matter density field with
a usually negligible degree of stochasticity on quasi-linear
scales (Seljak & Warren 2004; Patej & Eisenstein 2016). How-
ever, if the UV intensity field does not trace the same under-
lying large-scale structure sampled by our reference objects,
our EBL bias factor b effectively absorbs an EBL–reference
correlation coefficient r²r or EBL–matter correlation coef-
ficient r² (assuming no stochasticity between the reference
and matter). This can be appreciable by examining the form
of Equation 11 where the band-averaged EBL intensity bias
is defined. In other words, our estimated bias b is in fact
b = b0 r² with b0 being the true EBL clustering bias such that
δ(²ν) = b0δm ; here, the correlation coefficient r² is defined
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FIG. 11.— Linear clustering bias of the background photons in the UV
measured in this work and extrapolated into the optical (red lines); the
fractional error of about 20% (red band). Gray dashed lines show the halo
bias from Tinker et al. (2010). Black data points show the bias for optical
L∗ galaxies (Zehavi et al. 2011; Marulli et al. 2013; Skibba et al. 2014). The
blue data point shows the bias for the Lyα forest from Slosar et al. (2011).
as
r² = 〈δ(²ν) ·δm〉√
〈δ(²ν)2〉〈δ2m〉
, (25)
which can be equal to or below unity. If the light-weighted
UV sources are, on average, stochastic matter tracers, i.e.,
r² < 1, our measured b would be underestimating the
true UVB clustering bias. It remains to be studied what
physical mechanisms can create such stochasticity, which
might provide insights on the topology of the diffuse IGM
and/or galaxy–halo connection in the regime of dwarf or
low-surface-brightness galaxies.
6. SUMMARY
We present a clustering-based framework to statistically
recover frequency and redshift information for the EBL in
broadband intensity mapping datasets, and apply it to the
GALEX All Sky and Medium Imaging Surveys in the UV. By
spatially cross-correlating photons in the FUV and NUV
bands with spectroscopic objects in SDSS as a function of
redshift, we detect the differential intensity of the UV back-
ground (UVB) as a function of redshift up to z ∼ 2. These
tomographic measurements clearly reveal imprints of the
main spectral features of the UVB redshifting in and out of
the bands, allowing us to set empirical constraints on sev-
eral aspects of the evolving UVB spectrum as follows:
1. The overall amplitude and spectral shape of the non-
ionizing UVB continuum at 912Å < λ < 2700Å are in
good agreement with the Haardt & Madau (2012) model.
Our results, however, do not rely on any assumption re-
garding the nature of the sources.
2. Cosmic Lyα emission is tentatively detected with > 95%
confidence at z = 1 with a luminosity density consistent
with being powered by cosmic star-formation with an ef-
fective escape fraction of 10%.
3. The Lyman break in the UVB is clearly detected, while the
leakage of the cosmic ionizing photons is not detected at
z ∼ 1–3.
We integrate clustered light over redshift to obtain the
total UVB monopoles in the FUV and NUV, which are ro-
bust against the presence of foregrounds. These monopoles
are in slight excess, but still consistent with the integrated
galaxy plus AGN light estimated in Driver et al. (2016), al-
lowing us to set limits on the cosmic emission from the IGM.
Our analysis also provides direct constraints on the photon
clustering bias factor as a function of frequency and red-
shift, which characterizes the cosmic mass-to-light relation.
Our GALEX tomography delivers a summary statistic of the
net radiation output from cosmological galaxy formation,
including the contributions from stars, black holes, and ra-
diative processes in the ISM, CGM, and IGM combined.
This work demonstrates that by combining the concept
of intensity mapping, the efficiency of broadband surveys,
and a multiband clustering redshift tomography, we can
probe the rich astrophysical information in the EBL. The
technique can be applied to intensity mapping data of any
waveband with any bandwidth.
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APPENDIX
A. PARAMETERIZATION OF THE UVB EMISSIVITY
In Section 2.4.1 we apply the spectral tagging technique to constrain the spectrum of the UVB using a simple parameteri-
zation visualized in Figure 2. This corresponds to a rest-frame comoving volume emissivity
²ν(ν,z)=

²1500
(
ν
ν1500
)α1500
if
(
c
ν
)
> 1216Å ;
²1500
(
ν1216
ν1500
)α1500[( ν
ν1216
)α1100
+EWLyα ν
2
c
δD(ν−ν1216)
]
if 1216Å>
(
c
ν
)
> 912Å ;
fLyC ²1500
(
ν1216
ν1500
)α1500 ( ν912
ν1216
)α1100 ( ν
ν912
)α900
if
(
c
ν
)
< 912Å ,
(A1)
where νx = c/x with x being a wavelength label in units of Å, ²1500 is the continuum emissivity normalization at 1500 Å,
EWLyα is the Lyα line equivalent width, δD is the Dirac delta function for the line shape, and fLyC is the ionizing Lyman
continuum escape fraction. We fix the slope of the Lyman continuum α900 =−1.5 independent of redshift following Madau
(1992). This has no effect on our emissivity inference as the Lyman continuum is not detected. For all the other power
indices, emissivity normalization, and line- and break-strength parameters, we allow them to evolve with redshift each with
one additional parameter using simple functional forms as shown in Figure 7. For linear quantities, they follow a power law
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of (1+z); for already logarithmic quantities, they are allowed to scale with log(1+z). For ²1500, α1500, andα1100, we normalize
them at z = 0:
²1500 = ²z=01500 (1+ z)γ²1500 ;
α1500 =αz=01500+Cα1500 log(1+ z) ;
α1100 =αz=01100+Cα1100 log(1+ z) , (A2)
where γ²1500,Cα1500, andCα1100 are the redshift evolution parameters for each. For Lyα, the direct constraint is at z ≈ 0.3 and
z ≈ 1 when the line is in FUV and NUV bands, respectively (middle panel in Figure 2). We therefore parameterize its redshift
evolution pivoted at these two redshifts:
EWLyα =CLyα log
(
1+ z
1+0.3
)
+EWz=0.3Lyα ;
where CLyα = (EWz=1Lyα −EWz=0.3Lyα )/log
(
1+1
1+0.3
)
. (A3)
This is simply a linear function allowing the equivalent width to be positive (emission) or negative (absorption), and also
allows the change of sign over redshift (fourth panel in Figure 7). The Lyman continuum escape fraction is defined to be a
positive, logarithmic parameter. The GALEX data will provide direct constraints on the ionizing photons only at z ≈ 1 in FUV
and z ≈ 2 in NUV. We therefore have
log fLyC =CLyC log
(
1+ z
1+1
)
+ log f z=2LyC ;
where CLyC = (log f z=2LyC − log f z=1LyC )/log
(
1+2
1+1
)
. (A4)
B. COVARIANCE OF THE UVB PARAMETERS
In Section 4.2.1 we use an MCMC method to sample the posteriors of our parameterized UVB emissivity and photon bias
given the data, with the best-fit parameters summarized in Table 1. Here in Figure B1, we visualize the marginalized posterior
distribution for each parameter and their covariances using a triangle plot (using the corner package from Foreman-Mackey
et al. 2014). We exclude logfz=1LyC and logf
z=2
LyC in this figure as the ionizing Lyman continuum at both z = 1 (constrained in FUV)
and z = 2 (constrained in NUV) are not detected and almost entirely independent from other parameters (see Figure 3). One
can see significant covariances between some of the parameters. For example, the redshift dependence of the 1500Å emis-
sivity normalization γ²1500 is degenerate with that of the clustering bias γbz , with only their product tightly constrained by
the data. A similar degeneracy can be seen for the 1500Å spectral slopeαz=01500 and the frequency dependence of the clustering
bias γbν.
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FIG. B1.— Triangle plot of the posterior probability distribution for parameters in our UVB model. Diagonal panels show the marginalized posterior for
each parameter, the other panels show the projected correlations between each combination of parameter pairs. The normalization ²z=01500 b
z=0
1500 has units of
erg s−1 Hz−1 Mpc−3.
